Since information in intracellular calcium signaling is often frequency encoded, it is physiologically critical and experimentally useful to have reliable, convenient, and non-invasive methods to entrain it. Because of cell-to-cell variability, synchronization of intracellular signaling across a population of genetically identical cells can still be difficult to achieve. For intrinsically oscillatory signaling pathways, such as calcium, upon continuous stimulation, cell-to-cell variability is manifested as differences in intracellular response frequencies. Even with entrainment using periodic stimulation, cell-to-cell variability is manifested as differences in the fidelity with which extracellular inputs are converted into intracellular signals. Here we present a combined theoretical and experimental analysis that shows how to appropriately balance stimulation strength, duration, and rest intervals to achieve entrainment with high fidelity stimulation-toresponse ratios for G-protein-coupled receptor-triggered intracellular calcium oscillations. We further demonstrate that stimulation parameters that give high fidelity entrainment are significantly altered upon changes in intracellular enzyme levels and cell surface receptor levels. Theoretical analysis suggests that, at key threshold values, even small changes in these protein concentrations or activities can result in precipitous changes in entrainment fidelity, with implications for pathophysiology.
Introduction
To coordinate function, cells in a population convert extracellular chemical cues into intracellular signals. Many intracellular signals that trigger cellular programs are frequency encoded based upon the type, magnitude (concentration), and temporal pattern of extracellular stimulation. [1] [2] [3] For instance, it has been shown that the frequency of intracellular calcium signals can dictate which genes are expressed. 4 Therefore, understanding how extracellular stimulation parameters enable faithful conversion of extracellular cues into appropriate frequency encoded intracellular signals would provide insight into physiological mechanisms of cell population synchronization as well as benefit in vitro studies that aim to dissect the role of periodic intracellular signaling. 5 A challenge for achieving cellular synchronization is that even for genetically identical cells, cell-to-cell variability exists; thus, for the same external stimuli, each cell in a population may respond differently. This paper analyzes the understudied topic of how cell-to-cell variability can compromise the fidelity with which extracellular entrainment signals are converted into intracellular signals. The manuscript further provides extracellular stimulation parameter ranges that can maximize the number of cells in a population that are synchronized in their intracellular signaling responses despite cell-to-cell variability.
The experimental setup we use to provide periodic extracellular chemical cues is a microfluidic device. Even with such timed stimulations, however, synchronization can be impaired by skipped calcium responses, 5 meaning that not every extracellular stimulation event elicited an intracellular calcium response. Thus, to enable high fidelity conversion of extracellular cues into intracellular signals, stimulation parameters must be optimized. We explore how the stimulant concentration (C), stimulation duration (D), and rest period (R) can improve intracellular calcium response fidelity to the extracellular cues despite cell-to-cell variability within cell populations. In this context, fidelity signifies the percentage of cells in a population that exhibit an intracellular calcium response to every periodic stimulation event (i.e. the percentage of cells that did not show skipped calcium responses). We additionally show that changes in receptor and regulatory protein levels or activities can alter fidelity, potentially providing insight into pathophysiology. Simulations of single-cell dynamics suggest that at certain critical points, small changes in protein levels (receptors and regulators of G-protein signaling proteins) could result in abrupt changes in calcium response fidelity to periodic stimulation.
Results
Experimentally observed cell-to-cell variability and effect of stimulation parameters on fidelity in silico
Upon continuous exposure to carbachol (25 nM), HEK293 cells exhibited intracellular calcium oscillations with an average period of B50 s. Lowering the concentration to 10 nM resulted in a higher average oscillation period (B110 s) (Fig. S1 , ESIw). A great deal of variability was observed in the periods of the calcium oscillations at the single cell level ( Fig. S1 and S2A, ESIw), highlighting the variability that exists within this single cell population.
A population of in silico cells with cell-to-cell variability was constructed by using an ordinary differential equation model of calcium signaling (Fig. S3, ESIw) ; 5 individual cell parameters (receptor and G protein numbers) were drawn randomly from a distribution to mimic differences in protein levels between cells, as has been done previously. 6 Continuous stimulation of this in silico cell population reproduced the experimentally-observed variability in calcium oscillation frequency ( Fig. S2B and S4 , ESIw). To obtain insights into effects of cell-to-cell variability beyond what is possible in conventional culture dishes, we tested a periodic stimulation protocol with the mathematical model. Simulations predicted cell-to-cell variability manifested as various amounts of calcium response skipping (Fig. S2C, ESIw) .
To quantify the level of synchronization of calcium response in the cell population to periodic stimulation (both in simulations and experiments), we used the 'calcium response fidelity' metric. Response fidelity represented the fraction of cells in a population that responded to 90% of the periodic stimulation events. To observe whether the response fidelity could be enhanced within the simulations, we then manipulated three periodic stimulation parameters: stimulant concentration (C), stimulation duration (D), and rest period (R). The model predicted that increasing any one of these parameters would increase the overall response fidelity (Fig. S5, ESIw) .
Microfluidic setup for experimentally controlling intracellular calcium signals with seconds resolution
To experimentally test whether altering periodic stimulation parameters could enhance the calcium response fidelity as predicted by simulations, we developed a microfluidic device capable of generating periodic patterns of chemical stimulation 5 ( Fig. 1A) . Stimulation parameters that we varied using this device were C, D, and R (Fig. 1B) . Temporal chemical patterns were generated by alternately pumping from a 'media-only' reservoir and a stimulant-containing reservoir (Fig. 1C) . Fig. 1D depicts the periodic chemical delivery patterns produced by the device, demonstrating not only reproducibility, but also an ability to control delivery events on a timescale appropriate for triggering G-protein-mediated calcium signals (seconds to minutes).
Experimental modulation of periodic stimulation parameters and protein levels or activity can modify fidelity
In Fig. 2A , we show that cells continuously exposed to a small concentration of chemical stimulant (25 nM carbachol) in our microfluidic device exhibit calcium oscillations, although with oscillation frequencies that differed between cells as had been seen in experiments in Petri dishes (Fig. S2A, ESIw) . Upon periodic stimulation, the maximum number of calcium oscillations per stimulation event could be controlled by sufficiently decreasing the parameter 'D', such that it was shorter than the intrinsic calcium oscillation frequency within cells such that no more than one spike would fit within a single stimulation duration. Increasing values of C (within a range close to or below K d ), D (within a range that still only elicited a single calcium spike), or R individually while keeping the other stimulation parameters fixed increased response fidelity in the cell population (Fig. 3A-C) . The microfluidic system also allowed periodic stimulation with one chemical (carbachol) while maintaining a constant level of a different chemical. For example, periodic carbachol stimulation in the constant presence of a competitive M3 receptor antagonistic, atropine, was performed and observed to exhibit lower fidelity levels compared to untreated cells (Fig. 4) . We also performed periodic carbachol stimulation on genetically engineered cells exposed to doxycycline, which induced expression of Regulator of G-protein Signaling 4 (RGS4) proteins (Fig. S6 , ESIw). RGS4 has been shown to be a critical component involved in the generation of intracellular calcium oscillations mediated by G-protein-coupled receptors. 7 We found that upon increasing RGS4 levels, response fidelity levels decreased compared to cells with endogenous RGS4 expression (Fig. 4) . These results corresponded with the marked decrease in average oscillation period upon application of doxycycline and atropine, respectively, to cells continuously stimulated with carbachol ( Fig. S7 , ESIw).
Large changes in fidelity due to small changes in protein levels and potential downstream consequences
The experiments in Fig. 4 indicate that changes in levels or activity of even a single protein type can significantly modulate response fidelity within a cell population. To gain insight into single-cell dynamics, we used a mathematical model of calcium signaling to analyze how changes in protein levels affect fidelity. To quantify response fidelity at the single-cell level, we used the phase-locking ratio, which represents the number of calcium signal responses divided by the number of periodic stimulation inputs. 5 Under some periodic stimulation conditions, very small changes (o1%) in the level of a single type of protein resulted in abrupt changes in the phase-locking ratio ( Fig. 5 and Fig. S8 (ESIw) ). This theoretical result was unexpected because it suggested that small perturbations caused by deterministic processes, such as protein production View Online or degradation, or noise in the signaling pathways could drastically alter cell response fidelity at threshold protein levels. We observed several instances in experiments where cells exhibited abrupt changes in phase-locking ratio (example trace depicted in Fig. S9 , ESIw), consistent with this prediction.
Discussion
Frequency encoded intracellular signaling is critical for controlling cell behavior. Because of cell-to-cell variability, even a single population of cells exposed to the same stimulus may display different intracellular responses (and ultimately different behaviors). [8] [9] [10] [11] Thus, determining the role of extracellular cell stimulation parameters and cell intrinsic protein activity on intracellular signal entrainment is vital for understanding physiological cell behavior. This information can also provide strategies for experimentally modulating intracellular signaling frequencies in vitro for mechanistic studies that systematically modulate intracellular signaling patterns. For example, while microfluidic setups are highly programmable in delivering extracellular stimulation, 12 one must still know what stimulation program to use to enable efficient intracellular signal entrainment in cell populations that typically exhibit cell-to-cell variability. We note that several approaches have been developed to control the timing of intracellular calcium signals, including the 'calcium clamp' method, developed by Dolmetsch et al., 4 or using large stimulant concentrations. 13 The former method renders cells non-functional for further analysis because of irreversible depletion of calcium stores and certain mechanistic detail is lost because receptor pathways are bypassed; with the latter method, large concentrations (greater than the K d value) can cause signaling system desensitization and are also likely far from physiological. 14 To provide a complimentary approach, we used a microfluidic setup to address cells with small concentrations of chemical stimulants but with optimized temporal patterns of stimulation (Fig. 1) . The dark trace in Fig. 2B is representative of the types of skipped responses that are observed under sub-optimal conditions. To quantify the response fidelity at the population level, we measured the percentage of cells in the population that responded to 90% or more of the stimulation events; in other words, we quantified the number of cells that did not display skipped calcium responses. Implementing a combined theoretical and experimental approach, we found conditions where the stimulant concentration is still within a physiological range (i.e. near the K d value) yet resulted in high response fidelity; increasing the stimulant concentration (C), the stimulation duration (D), and the rest period (R) increased response fidelity (Fig. 3) . Specifically for C in the oscillatory signaling range, R can likely be arbitrarily large because it dictates the length of recovery; 5 similar observations were made in other cell types. 15, 16 There are limitations on D: D must be long enough to ensure that a response results, but short enough to avoid the occurrence of two or more responses per stimulation ( Fig. 2A) . For the stimulant and cell type used here, D in the range of 20-40 s was most appropriate. To an extent, these findings support the theoretical study of Koseska et al., 17 which demonstrated that signaling heterogeneity could be overcome to an extent by the degree of cell-cell chemical communication; while in their study, these chemicals were released by neighboring cells, we show in this study that externally applied chemical stimulation is also effective in this context. We also showed that changes in activity or expression (for both membrane bound and intracellular proteins) of even a single protein can significantly alter response fidelity (Fig. 4) . These results provide potential insight into the pathophysiology of periodically stimulated systems. For this study, we focused on the M3 muscarinic receptor signaling pathway, which has been shown to be a critical component of lung, 18 heart, 19 nervous system, 20 and bladder function. 21 In addition, the receptor is involved in glucose regulation and periodic insulin release from pancreatic islets. 22 Insulin secretion from individual islets is mediated in part by intracellular calcium signaling. 23, 24 Periodic insulin release results from synchronized release from many islets; 25 however the synchronization source is still unknown. 26 Recent studies have shown that periodic acetylcholine exposure (eliciting intracellular calcium responses) might play a role in this synchronization. 27 Pancreatic islets may be a physiological system where high fidelity entrainment in response to periodic chemical stimulation is important, and may be sensitive to changes in protein activity and expression levels (such as M3 receptors 22 and RGS4 28 ). Analysis using mathematical models further showed that near threshold values, small changes in protein levels could result in precipitous changes in the phase-locking ratios which (Fig. 5 and Fig. S8 (ESIw) ). The phase-locking ratio is obtained by dividing the number of system responses by the number of stimulation events. The simulations in Fig. 5 and Fig. S8 (ESIw) exhibit robustness in the phase-locking ratio for large concentration ranges, and then for critical values, abruptly drop by half. For example, our simulations predicted that a B10% change in stimulation strength (which could be due to small changes in protein levels) could lead to a 50% loss of fidelity and major changes in downstream signals such as cAMP (Fig. S10, ESIw) . Calcium is known to control or influence many important cellular operations, such as gene expression, growth, and migration; 29 this theoretical result indicates that instabilities in calcium signaling can be propagated downstream and potentially alter cell behaviors. In this context, these types of critical points may reflect potential pathophysiology and tipping points that are manifested as disease or drug sideeffects in just a few cells among a seemingly homogeneous population. Our mathematical model suggested that these tipping points arose as a result of non-linearity in IP3 signaling that was then propagated to calcium signaling (Fig. S11, ESIw) .
In conclusion, we experimentally and theoretically analyze the role of cell-to-cell variability in compromising intracellular signaling entrainment fidelity within apparently ''homogenous'' cell populations. We then further present concrete experimental strategies for maximizing response fidelity of periodic biological signals in such cell populations despite the cell-tocell variability, using appropriate stimulation durations and rest periods for the externally applied chemical stimulations. These results are interesting in and of themselves, but, perhaps even more importantly, they provide the foundation for new future directions of inquiry. Are precipitous changes in fidelity triggered by small changes in protein levels or activity that are observed in our simulations physiologically relevant for diseases? Can we use high fidelity intracellular calcium entrainment to modulate downstream phenotypic consequences? For this study we focused upon oscillatory calcium signaling, whose frequency controls gene expression 4 and activation of effector proteins such as Ras. 30 Although underappreciated, many oscillatory systems can exhibit skipped responses under periodic stimulation conditions. 31 The combined theoretical and experimental methodology presented here may thus be broadly applicable to analysis and regulation of other oscillatory signaling systems as well, including NFkB, 32 ERK, 33 PKA, 34 and p53. 35 
Methods
Cell culture, microfluidics, and imaging HEK293 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco) and were maintained at 37 1C with 5% CO2 in 24-well plates. 0.25% Trypsin/EDTA (Gibco) was used to detach cells from plates and transfer them to the microfluidic setup. These cells stably expressed the human muscarinic acetylcholine M3 receptor, and the doxycyclineinducible RGS4-C2S was generated using the Flp-In T-Rex system from Invitrogen. The Kpn1/Xho1 digested insert of C-terminal HA-tagged RGS4-C2S 36 was ligated into the pcDNA5/FRT/TO vector. Flp-In T-REX 293 cells in 6-well plates (400 000 cells per well) were co-transfected with the RGS4 containing pcDNA5/FRT/TO and pOG44 (3.6 mg pOG44, 0.4 mg pcDNA5/FRT/TO, 10 ml Lipofectamine 2000). Two days after transfection, 200 mg ml À1 hygromycin was added to the wells to select for stably transfected cells. Cell pools were tested for Zeocin sensitivity and doxycycline-induced RGS4 expression was verified by Western blot (Fig. S5, ESIw) . RGS4-C2S expressing cells were subsequently transfected with the M3 receptor cloned into pcDNA3.1+ (Missouri S&T cDNA Resource Center, Rolla, MO) and neomycin resistant clones were selected for with G418. Cells were maintained in DMEM, 10% FBS, 15 mg ml À1 blasticidin, 200 mg ml
À1
hygromycin B, and 400 mg ml À1 G418. Cells were transiently transfected with the calcium FRET probe YC3.60 37 using Lipofectamine2000 (Invitrogen). Microfluidic devices (Fig. 1) were created and imaging of intracellular calcium signaling was carried out as described in ref. 5 . Cells were periodically stimulated with the M3 agonist carbachol (Calbiochem). Atropine (Invitrogen) was applied to periodically stimulated cells at a concentration of 1 nM in the microfluidic devices (Fig. 4 , bottom graph).
Computation of 'response fidelity percentage' and 'phase-locking ratios' Cells were exposed to 9 chemical (carbachol) stimulation events, and the number of intracellular calcium responses for each run was recorded. Calcium spikes that were above levels of background noise (typically more than 10% maximum calcium spike height) but did not reach an amplitude greater than 33% of the maximum calcium spike height were not counted as true calcium spikes, as has been done previously.
5
The calcium response fidelity was calculated for each experiment by counting the number of cells in the population that responded to 90% of the stimulation inputs divided by the total number of responding cells in that experiment. Averages and standard deviations were computed for each experimental condition. Statistics were based upon three experiments (each of no less than 20 cells) for each experimental condition. Between 85-106 cells were examined for each experimental condition. The unpaired Student t-test was used to statistically compare pairs of experimental conditions; p o 0.05 was used as a threshold of statistical significance. The phase-locking ratios in Fig. 5 and Fig. S6 (ESIw) were computed by counting the number of in silico cell intracellular calcium responses and dividing by the number of stimulation events; true calcium spikes were assessed identically to what was done experimentally.
Determining stimulation conditions for Hi-Fi transmission of periodic signals
We present the following protocol in order to assess how stimulation parameters (C, D, and R) can be modified to achieve high fidelity transmission of intracellular signals for a general oscillatory system. Initially, one must assess how the oscillation period changes with stimulant concentration. In a majority of cases, one expects the period to decrease with View Online increases in stimulant concentration (C). Based upon the relationship between C and period, one can then determine an appropriate C to use. Since skipped responses are generally believed to occur when the forcing period is less than the intrinsic oscillation period, 31 using C values that result in the smallest oscillation period are best; the results of Fig. S7 (ESIw) explain how changes in protein levels can shift the oscillation period and ultimately the response fidelity (Fig. 4) . Having established an appropriate C range to use, one can then shift focus upon the parameters D and R. With C and R fixed, one can then periodically stimulate cells while varying the stimulation duration; for most oscillatory systems, it is expected that larger D would result in greater fidelity. However, caution must be applied since one does not want a D large enough to elicit two or more responses (Fig. 2) . To avoid this effect, one can analyze the C vs. period data to observe what the shortest period in the population was, and use this as a maximum for D. Finally, one can assess the effect of R upon fidelity, by fixing C and D, and varying R. In most cases, it appears that larger R results in larger fidelity; R does not appear to have the same restrictions that D does in terms of its length, for the system studied here.
Mathematical models
We used our recently-developed calcium model 5 that incorporates mechanisms described by Politi et al. 38 and includes ligand/receptor/G-protein dynamics 6 ( Fig. S3, ESIw) , to predict the effects of periodic stimulation and protein parameters on calcium response fidelity (Fig. S5 , ESIw) and the phase-locking ratio ( Fig. 5 and Fig. S8 ). For Fig. S8 (ESIw), hydrolysis rates were converted into RGS concentrations by using the linear relationship for G-protein hydrolysis rate vs. RGS4 concentration obtained by Lan et al.; 39 similarly, for Fig. 5 , the receptor number was extrapolated by assuming a cell radius of B2.5 mm, yielding values that were similar to those in ref. 40 .
The calcium-cAMP signaling model by Gorbunova and Spitzer 41 was used to predict cAMP behaviors with low and high fidelity intracellular calcium signaling (Fig. S10, ESIw) . The parameter 'a' represented the stimulation input. Original parameters and initial conditions were used for this model. All models were coded in MATLAB version 7.8.0 (MathWorks Inc, Natick, MA) and the system of ODEs was solved with the stiff solver ode15s.
Generation of in silico cell populations with cell-to-cell variability
We used Latin Hypercube Sampling (LHS) [42] [43] [44] [45] to generate populations of in silico cells with intercellular variability. This in silico cell population was then used to evaluate the effect of periodic stimulation parameters on the response fidelity percentage (Fig. S5, ESIw) . Using LHS code from Marino et al.
43
(http://malthus.micro.med.umich.edu/lab/usadata/), the G-protein concentration and receptor density were sampled for each in silico cell from a normal distribution with a 25% standard deviation. LHS was run for 500 iterations, effectively generating 500 in silico cells with unique receptor densities and G-protein concentrations. These in silico cells were then subjected to periodic stimulation and calcium response fidelity percentages were assessed for each condition, as depicted in Fig. S5 (ESIw). Representative individual calcium traces are depicted in Fig. S2C (ESIw).
